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Analysis of Se for indoor photovoltaics. (A) Power consumption of wireless
protocols used in IoT ecosystem. (B) Comparison of the emission spectra of
AM1.5G solar, a 2700 K LED, and an FL recorded at 1000 lux. The spectral
intensities of LED and FL were amplified by 40 and 10 times for clear showing.
(C) Bandgap-dependent S-Q limits under illumination from one sun, an LED,
and an FT at 1000 lux, respectively. Adapted with permission from ref 7.
Copyright 2019, Wiley-VCH Verlag. (D) Absorption spectrum of Se film. Inset:
Tauc plot for Se film to determine the bandgap of Se. (E) Wavelength-dependent
absorption coefficient of Se. (F) DTA of amorphous Se powder at a ramp rate of
5°C min−1 in a N2 flowing environment. Credit: Science Advances, DOI:
10.1126/sciadv.adc9923
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The world's first solid-state photovoltaics were reported in 1883, and
were composed of selenium, which eventually led to the development of
the present-day photovoltaics, although the wide bandgap of selenium
was limiting for applications of sunlight harvesting. 

In their present work published in Science Advances, Bin Yan and a team
of researchers in chemistry, nanotechnology and materials science in
China, revisited the concept of the world's oldest photovoltaics material
to describe its role in indoor photovoltaics applications. The adsorption
spectrum of the material perfectly matched the emission spectra of
commonly used indoor light sources. The researchers used selenium
modules to produce an output power of 232.6 μW under indoor light
illumination to power a radiofrequency identification-based localization
tag. 

The field of photovoltaics

In 1873, electrical engineer Willoughby Smith first discovered the 
photoconductivity of selenium, and Charles Fritts constructed the first
solid-state solar cells thereafter in 1883 by sandwiching selenium
between a metal foil and a thin gold layer. The low preliminary power
conversion efficiency of these early discoveries, initiated research in the
field of photovoltaics and inspired the emergence of solar cells in 1954,
to lay the foundation to the modern photovoltaic industry. 

Until recently, scientists had incorporated indoor photovoltaics to
convert indoor light into usable electrical power for wireless devices
such as sensors, actuators, and communication devices. In this work, Yan
et al. showed the unique advantages of using selenium for indoor
photovoltaics with its suitably wide bandgap and intrinsic environmental
stability. The team also developed selenium modules to produce an
output power of 232.6 μW, to power an internet of things wireless
device for radiofrequency identification-based localization. 
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Photovoltaic performances of Se cells measured under AM1.5G and indoor light
conditions. (A) Schematic of Se thin-film solar cell architecture. (B) Cross-
sectional SEM image of Se cell. (C) PCE statistics of 20 Se cells for 0.5-, 2.5-,
and 5-nm Te layers measured under AM1.5G and indoor illumination of 1000
lux. (D) J-V curves of 0.5, 2.5, and 5 nm Te layer Se devices under standard one-
sun illumination. (E) EQE curves of 0.5, 2.5, and 5 nm Te layer Se devices. (F) J-
V curves of 0.5, 2.5, and 5 nm Te layer Se devices under indoor illumination of
1000 lux. Credit: Science Advances, DOI: 10.1126/sciadv.adc9923

Indoor photovoltaics

It is now possible to power the "internet of things" devices by harvesting
indoor light via indoor photovoltaics (IPV). The concept is a growing
research field, where a variety of technologies including dye-sensitized
solar cells and organic photovoltaics and lead-halide perovskite solar
cells are explored for their functionality. 

Indoor light is typically designed to suit human eye sensitivity, so by
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design its elements differ from conventional outdoor photovoltaics.
When the existing features of selenium were combined with its non-
toxicity and excellent stability, Yan et al. deemed the material to be ideal
for indoor photovoltaic applications. 

Optimizing the experiments for improved outcomes

The research team adopted a superstrate configuration of
glass/Fluorine-doped tin oxide with titanium oxide/tellurium/selenium
and gold to develop the thin-film selenium solar cells. During the
process, they used environmentally-friendly titanium oxide to form the
buffer layer, and constructed the non-toxic selenium-based devices to
facilitate indoor light applications. 
  
 

  

Investigation of the effect of Te on interface quality between Se and TiO2.
Comparison of the operational mechanism between (A) indoor condition and (B)
one-sun condition. DFT models for (C) delocalized surface defects at the Te-
modified Se/TiO2 interface and (D) localized surface defects at the Se/TiO2
interface. (E) XPS spectra of Te 3d recorded during sputtering from the top to
the bottom of Te film. a.u., arbitrary unit. AFM images of (F) 0.5 nm and (G)
2.5 nm Te layers. (H) C-V and DLCP characteristics of 0.5 nm Te and 2.5 nm
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Te devices. Credit: Science Advances, DOI: 10.1126/sciadv.adc9923

During the experiments, they studied the selenium solar cells under
standard one-sun illumination and measured indoor photovoltaic
performances of devices under indoor light at 1000 Lux, with a common
LED source of light to simulate the environment of illumination. The
outcomes also led to the optimization of the tellurium layer to facilitate
significantly different light intensities between indoor light and sunlight. 

Indoor light could comparatively only generate a relatively small number
of carriers on account of its very weak intensity. The team therefore
improved the device to obtain a positive photodoping effect to optimize
the selenium solar cells under indoor light conditions. Yan et al.
additionally incorporated tellurium at the selenium/titanium oxide
interface to provide a strong bond for surface passivation. 

Applications of the devices

The devices can be used to investigate a range of indoor lighting
conditions typically required to light environments such as the living
room, the library, or a bright supermarket. The selenium cells
outperformed market-dominating silicon-based cells that are presently
an industry standard for indoor photovoltaics, relative to both power
conversion efficiency and stability. 
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Application in powering IoT wireless device. (A) Emission power and integrated
power spectra of a 2700 K LED at 1000 lux. (B) J-V curves of 2.5 nm Te device
under illumination at 200, 500, and 1000 lux. (C) Evolution of normalized PCEs
of unencapsulated Se device under continuous indoor illumination at 1000 lux in
an ambient atmosphere. (D) J-V curves of individual large-area (2.25 cm2) Se
device and (3 × 2.25 cm2) module under indoor illumination at 1000 lux. Inset:
Photographs of individual large-area Se cell and module. (E) Schematic of self-
powered RFID-based localization tag enabled by Se module under indoor light
illumination. (F) Measured number of signals per minute from a Se
module–powered RFID tag. Credit: Science Advances, DOI:
10.1126/sciadv.adc9923

Contrastingly, silicon-based cells only exhibited a power conversion
efficiency below 10%, with relatively minimal photostability. On
account of these observations, the team considered the selenium-based
devices to be a more attractive alternative candidate. They also studied
the capacity of the selenium device to power the internet of things 
wireless devices. 
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Outlook

In this way, Bin Yan and colleagues reinterpreted selenium, the oldest
existing photovoltaic material with the emergence of indoor photovoltaic
devices, due to its unique capacity to offer a suitable wide bandgap for
indoor light harvesting. The material is non-toxic and has intrinsic
environmental stability as essential features. 

The scientists optimized the material composition to achieve a power
conversion efficiency of 15%, suited for 1000 Lux indoor illumination
with selenium cells. This outcome surpassed the existing efficiency of
commercial silicon cells. The selenium devices performed without
degradation, even after 1000 hours of continuous indoor lighting. 

The outcomes of the study highlight the scope of using selenium for
indoor photovoltaics with added potential to power the internet of things
devices as an attractive element in photovoltaics. 

  More information: Bin Yan et al, Indoor photovoltaics awaken the
world's first solar cells, Science Advances (2022). DOI:
10.1126/sciadv.adc9923 

Richard Haight et al, Solar-powering the Internet of Things, Science
(2016). DOI: 10.1126/science.aag0476
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